Infection of the genital tract with human papillomaviruses (HPVs) leads to proliferative and dysplastic epithelial lesions. The mechanisms used by the virus to escape the infected keratinocyte are not well understood. Infection of keratinocytes with HPV does not cause lysis, the mechanism used by many viruses to release newly formed virions. For HPV 11, a type associated with a low risk of neoplastic disease, the cornified cell envelope (CCE) of infected keratinocytes is thin and fragile, and transcription of loricrin, the major CCE protein, is reduced. The effects of high-risk HPV infection on components of the CCE have not been previously reported. HPV 59, an oncogenic genital type related to HPV types 18 and 45 was identified in a condylomata acuminata lesion. An extract of this lesion was used to infect human foreskin fragments, which were grown in athymic mice as xenografts. Continued propagation using extracts of xenografts permitted growth of additional HPV 59-infected xenografts. CCEs purified from HPV 59-infected xenografts displayed subtle morphologic abnormalities compared to those derived from uninfected xenografts. HPV 59-infected xenografts revealed dysplastic-appearing cells with mitotic figures. Detection of loricrin, involucrin, and cytokeratin 10 was reduced in HPV 59-infected epithelium, while small proline-rich protein 3 (SPR3) was increased. Reduction in loricrin was most apparent in regions of epithelium containing abundant HPV 59 DNA. Compared to uninfected epithelium, loricrin transcription was decreased in HPV 59-infected epithelium. We conclude that HPV 59 shares with HPV 11 the ability to alter CCE components and to specifically reduce transcription of the loricrin gene. Because loricrin is the major CCE protein, a reduction in this component could alter the physical properties of the CCE, thus facilitating virion release.
Introduction
Human papillomaviruses (HPVs) infect the genital tract epithelium, causing a range of clinical syndromes including asymptomatic infection, condylomata acuminata (genital warts), and dysplastic lesions of the uterine cervix (Howley, 1996) . The keratinocyte is the predominant cell type of epidermis and is the target of human papillomavirus infection . The mechanisms used by the virus to spread infection from person to person are not completely understood. Infection of keratinocytes with HPV does not cause lysis, the mechanism used by many viruses to release newly formed virions. As mature virions are produced in the nuclei of differentiating keratinocytes, the cornified cell envelope (CCE) is also being formed under the cell membrane (Rice and Green, 1977) .
In healthy differentiated keratinocytes the CCE is a durable structure, formed by the covalent linkage of several proteins and lipids, providing a barrier against mechanical damage, infection, and water loss (Jarnik et al., 1998; Robinson et al., 1996; Steinert and Marekov, 1997; Yaffe et al., 1993) . Analysis of CCEs has demonstrated the presence of loricrin, involucrin, small proline-rich proteins (SPRs), cytokeratin 10, and other proteins covalently linked by isopeptide bonds catalyzed by cutaneous transglutaminases, and by disulfide bonds catalyzed by sulfhydryl oxidases (Candi et al., 1995; Marvin et al., 1992; Ming et al., 1994; Robinson et al., 1997; Steinert et al., 1998; Steinert and Marekov, 1997; Yaffe et al., 1993) . Loricrin contributes 70% of the protein mass to CCEs derived from healthy genital epithelium (Hohl et al., 1991; Steven and Steinert, 1994) .
For HPV 11, a type associated with a low risk of genital tract malignancy, previous studies show that the CCE is fragile and thin in HPV 11-infected genital epithelium compared to those derived from healthy epithelium . Loricrin is reduced in HPV 11-infected genital epithelium, due to reduced transcription of the loricrin gene Lehr et al., 2002) . In addition, desquamated cells from HPV 11-infected epithelium can effectively transmit infection, suggesting that the weakened CCE may be important in the natural history of HPV 11 infection (Bryan and Brown, 2001) .
The effects of oncogenic HPV infection on CCE proteins have not previously been examined. Oncogenic, or "highrisk" HPV types infect epithelium of the genital tract leading to dysplastic lesions in some individuals (Koutsky, 1997; zurHausen, 1999) . High-risk types are often detected in cervical specimens and are also frequently detected in condylomata acuminata lesions of the external genitalia (Brown et al., 1999) .
HPV 59, a type associated with an increased risk of genital tract malignancy, was recently isolated from a lesion on the external genitalia of a male who was immunosuppressed following renal transplantation . We examined HPV 59-containing condylomata acuminata tissue and HPV 59-infected human foreskin xenografts grown in athymic mice to determine the effects on loricrin and other CCE components.
Results

Abnormalities of CCE morphology in HPV 59-infected epithelium
CCEs were purified and examined by phase-contrast microscopy. CCEs derived from uninfected epithelium were cuboid and contained few granules ( Fig. 1A ). CCEs derived from HPV 59-infected genital epithelium were varied in size and shape, with an abundance of rounded CCEs containing granular material ( Fig. 1B) . Electron microscopic analysis demonstrated that CCE fragments derived from uninfected epithelium were long and coiled (Fig. 1C ). CCE fragments derived from HPV 59-infected genital epithelium were generally shorter, less coiled, and varied in thickness ( Fig. 1D ).
HPV 59 induces dysplastic changes in genital epithelium
The HPV 59-infected condylomata acuminata lesion displayed marked acanthosis and koilocytosis ( Fig. 2A ). The DNA in situ assay indicated numerous HPV 59-positive nuclei in suprabasal cells (Fig. 2B ). Dysplastic features were apparent in the newly propagated foreskin xenografts infected with HPV 59 (Fig. 2C ). Specific observations included basal crowding, multinucleated cells, abnormally shaped nuclei, and numerous mitotic figures present in all layers of the epithelium. In contrast to areas of the implants that contained normal-appearing epithelium, these dysplastic areas contained detectable HPV 59 DNA in nuclei of suprabasal cells (Fig. 2B ). We previously demonstrated detection of L1 protein in the HPV 59-infected xenografts . L1 protein was readily detectable in nuclei of suprabasal cells in the newly propagated xenografts as well (not shown).
Reduced loricrin detection in HPV 59-infected epithelium
Immunohistochemical analysis showed that loricrin was detected in abundance in the differentiated cells of uninfected human foreskin and uninfected foreskin xenografts (Figs. 3A and C), but was decreased and patchy in HPV 59-infected condylomata acuminata and the HPV 59-infected foreskin xenograft epithelium (Figs. 3B and D) . For the condylomata acuminata lesion, large areas were completely devoid of detectable loricrin (Fig. 3B ).
Alterations in other CCE proteins
Immunohistochemical analysis was performed to determine the relative abundance of other CCE proteins in HPV 59-infected epithelium compared to uninfected epithelium ( Fig. 4 ). Several assays were performed for each protein.
Representative studies are shown for each protein in Fig. 4 . These studies demonstrated abundant involucrin and cytokeratin 10 in suprabasal cells of uninfected epithelium (Figs. 4B and E), and moderate reductions of these proteins in HPV 59-infected epithelium (Figs. 4G and J). SPR2 was abundant in suprabasal cells of uninfected epithelium (Fig.  4C ), but was unequally distributed and patchy in suprabasal cells of HPV 59-infected epithelium (Fig. 4H ). SPR3 was not detected in uninfected epithelium ( Fig. 4D ), but was present in suprabasal cells of HPV 59-infected epithelium ( Fig. 4I ). As has been previously described, the most intense SPR3 staining was in the cytoplasm, but nuclear staining of some cells was also apparent, perhaps due to the soluble nature of the SPRs (Hohl et al., 1995) .
Reduced loricrin detection occurs in areas of HPV 59 replication
DNA in situ hybridization was performed to correlate loricrin detection with viral replication. These experiments showed that reduced detection of loricrin in condylomata acuminata lesions ( Fig. 5A ) directly correlated with HPV 59 replication as indicated by cells positive in the DNA in situ assay, as indicated by the orange/yellow signal (Fig. 5B ). In the superimposed image ( Fig. 5C ), the reduced detection of loricrin could be seen in the areas of HPV 59 DNA replication.
HPV 59 infection inhibits loricrin transcription
RNA in situ hybridization and RT-PCR were performed to determine the effect of HPV 59 infection on loricrin transcription. The tyramide signal-amplified RNA in situ hybridization assay was performed on paraffin-embedded tissue sections from an uninfected foreskin xenograft and an HPV 59-infected foreskin xenograft. The xenografts were grown in athymic mice for the same period of time. Using this highly sensitive method, loricrin transcripts were detected in the uninfected foreskin xenograft in suprabasal cells (Fig. 6A ). In contrast, detection of loricrin transcripts in the HPV 59-infected foreskin xenograft was reduced ( Fig. 6B ).
RT-PCR was performed to further examine the effects of HPV 59 on loricrin transcription using RNA extracted from uninfected or HPV 59-infected foreskin xenograft tissue grown for the same period of time in athymic mice. For ␤-actin, RT-PCR produced a similar abundance of an amplimer of expected size (400 bp) ( Fig. 7 , Lanes 1 and 2). In contrast, the RT-PCR for loricrin produced an amplimer of expected size (165 bp) in abundance using RNA from uninfected foreskin xenograft tissue ( Fig. 7, Lane 3) , but a reduced amount of loricrin amplimer was detected in the RT-PCR using RNA from HPV 59-infected foreskin xenograft tissue (Fig. 7 , Lane 4). Scanning densitometry of the gel (adjusted for ␤-actin) showed that there was approximately a fourfold decrease in loricrin transcripts in the HPV 59-infected epithelium compared to uninfected epithelium.
Discussion
Production of infectious virions occurs in differentiated keratinocytes, cells that have made a CCE. Mature HPV virions, including those of oncogenic types, must escape the normally durable CCE so that infection can be spread to new hosts. There is no evidence that lysis of keratinocytes occurs as a result of HPV infection. We have previously shown that HPV 11, a low-risk genital type, induces profound abnormalities of CCE proteins including loricrin . CCEs derived from HPV 11infected epithelium are thin, susceptible to mechanical breakage, and can be shown to serve as vehicles for HPV 11 transmission in the athymic mouse xenograft system Bryan and Brown, 2001) . A dense, covalently linked matrix of proteins makes up the fully developed CCE in healthy epithelium (Kubilus and Baden, 1984; Nemes and Steinert, 1999; Rice and Green, 1977) . We believe that HPV-induced defects in the CCE could facilitate release of virions once deposited on the skin of the new host.
The current study shows that a high-risk type shares with HPV 11 the ability to alter loricrin expression by reducing transcription. This work represents a beginning in our attempts to understand transmission of oncogenic HPV infection. We do not yet know the precise mechanisms used by HPV to cause a reduction in transcription of loricrin, the major CCE protein. In addition, it is possible that HPV infection causes many additional abnormalities in the assembly process of the CCE. We believe that HPV gene products expressed early in the infection cycle may be responsible, because loricrin transcription normally occurs in the upper spinous and granular layers as keratinocytes exit the basal layer of cells . Such early HPV gene products could include E2, E6, and E7. The effects of these gene products on loricrin expression are currently under investigation in our laboratory.
Other CCE proteins were altered in HPV 59-infected tissues. The SPRs are proteins that serve as cross-linking molecules within the CCE (Hohl et al., 1995; Steinert et al., 1998) . The SPRs are soluble cytoplasmic proteins that may be detected in both nuclei and cytoplasm (Hohl et al., 1995) . SPR2 is the main SPR detected in healthy foreskin tissue, and SPR3 is not detected (Heller-Milev et al., 2000; Hohl et al., 1995) . We found that SPR2 was unevenly distributed and patchy, and SPR3 was increased in HPV 59-infected foreskin xenografts compared to uninfected xenografts. The significance of these changes is not yet known.
Previous studies from other laboratories suggest that the oncogenic HPV types 16 and 31 may induce alterations in proteins that are CCE components. For HPV 31, infected or uninfected human keratinocytes grown in culture were in-duced to differentiate with methylcellulose (Pray and Laimins, 1995) . HPV 31-infected cells expressed reduced amounts of filaggrin or cytokeratin 10 compared to uninfected cells. For HPV 16, infected cervical dysplastic lesions were examined for E1^E4 protein, several cytokeratins, and filaggrin by immunofluorescence (Doorbar et al., 1997) . Detection of E1^E4 protein was associated with a reduced detection of cytokeratins and filaggrin. No studies were performed to characterize transcription of these genes.
In summary, CCE components are altered in HPV 59 infection. Infection with this oncogenic type related to HPV 18 and HPV 45 reduced detection of loricrin, the major CCE protein. Loricrin transcription was reduced in HPV 59infected epithelium. Interestingly, SPR3, a cross-linking CCE protein, was detected in HPV 59-infected tissue but not in uninfected epithelium. We are beginning to study the specific viral proteins that cause these abnormalities in CCE proteins. Obvious candidates are the viral proteins expressed early in the keratinocyte differentiation program.
Methods
Production of HPV 59-infected xenografts
HPV 59 was originally propagated in athymic mouse xenografts as previously described . Since then, HPV 59 has been passaged five times using the athymic mouse xenograft system. An extract of a large, recently produced foreskin xenograft was prepared by removing surrounding renal tissue, mincing, then crushing tissue fragments with a mortar and pestle in KGM (Clonetics, San Diego, CA). This extract was stored at Ϫ70°C until used to infect neonatal foreskin tissue for repeated implantation into athymic mice. Uninfected foreskin xenografts were used as controls. Xenografts were removed from mice approximately 6 months after implantation. A fragment of each xenograft was stored at Ϫ20°C for extraction of DNA and performance of a PCR/reverse blot strip assay analysis as previously described . An additional fragment was placed in RNA Later (Ambion, Austin, TX) and stored at Ϫ70°C. This fragment was used to extract total RNA as previously described (Lehr et al., 2002) . A third fragment was placed in zinc formalin for preparation of paraffin-embedded sections. One section was stained with hematoxylin and eosin for evaluation of tissue histology.
Additional sections of HPV 59-infected, and uninfected foreskin xenografts, and sections from an HPV 59-containing condylomata acuminata lesion were used in immunohistochemical, DNA in situ and RNA in situ hybridization assays. Sections were also prepared from neonatal human foreskin tissue for use as controls.
Preparation of CCEs from HPV 59-infected epithelium
Additional HPV 59-infected xenografts or uninfected xenografts were collected from athymic mice, minced, and extracted three times for 15 min at 100°C in 0.2% extraction buffer (EB) as previously described . Pelleted material was suspended in 0.2% EB and then layered onto 3% Ficoll in 0.2% EB. CCEs were separated from large tissue fragments by centrifugation. CCEs, visible in the gradients as a sharp white band, were collected and examined by phase-contrast microscopy.
A Fisher Sonic Dismembrator was used to produce fragments from intact CCEs . CCE fragments were examined by phase-contrast microscopy to assure that less than 1% remain intact. CCE fragments were pelleted, washed with 0.2% EB three times, and resuspended in 0.2% EB. Fragments were applied to a 20% Ficoll gradient and centrifuged at 15,000g to separate fragments from intact CCEs. Fragments were washed three times in 0.2% EB, pelleted, and fixed in 3% glutaraldehyde, pH 7.2. Sections were prepared for electron microscopy as previously described .
Immunohistochemical analysis for loricrin detection
Sections of uninfected neonatal foreskin tissue, the HPV 59-infected condylomata acuminata lesion, and athymic mouse xenografts were deparaffinized in xylene and ethanol and then treated with 3% H 2 O 2 in methanol to reduce endogenous peroxidase activity. Anti-loricrin polyclonal rabbit serum was purchased from Berkley Antibody Company (Richmond, CA). Anti-involucrin mouse monoclonal antibodies were purchased from (Novocastra Laboratories, Newcastle on Tyne, UK). Anti-cytokeratin 10 mouse monoclonal antibodies were purchased from Novacastra (Newcastle upon Tyne, UK). Rabbit polyclonal sera against SPR2 and SPR3 were kind gifts of Daniel Hohl and Marcel Huber (Universitaire Vaudois, Lausanne, Switzerland).
For detection of cytokeratin 10, sections were treated with a citrate buffer followed by trypsin digestion as previously described . Primary antibodies were added for 24 h (1:500 dilution for loricrin, cytokeratin 10, and the SPRs; 1:200 for involucrin) at room temperature in a humidity chamber. Antibody binding was detected using the Vectastain ABC detection system (Vector Laboratories, Burlingame, CA) followed by staining with the Vector VIP peroxidase substrate, to yield a purple precipitate.
Detection of HPV 59 by DNA in situ analysis
For detection of HPV 59 DNA sequences by in situ hybridization, a probe was produced by PCR amplification of the entire genome. The upstream primer was 5Ј-GAG-GATCCTACACAACGACCATACAAACTG-3Ј; the downstream primer was 5Ј-TAGGATCCTCAAAGCGTGCC-ATGCCGTTGC-3Ј. PCR was performed with the following conditions: 94°C for 2 min, followed by 30 cycles of 94°C for 10 s, 64°C for 20 s, 68°C for 10 min. Lastly, a 68°C extension cycle was performed. The approximately 8000-bp amplimer was purified from an agarose gel and then biotinylated using the Nick Translation Kit (Roche Diagnostics Corporation, Indianapolis, IN). Target DNA was extracted from the condylomata acuminata lesion as previously described (Brown et al., 1999) .
Paraffin-embedded tissue sections of an HPV 59-infected condylomata acuminata lesion were fixed by heating at 80°C for 15 min. Sections were then deparaffinized in xylene followed by ethanol. Sections were treated with 25 g/ml proteinase K for 5 min at 37°C followed by 3% H 2 O 2 in methanol for 30 min. Sections were washed in PBS, dehydrated by incubation in ethanol, and dried at 37°C. The biotinylated HPV 59 DNA probe was added at 10 ng/l in DNA in situ hybridization buffer (DAKO, Carpenteria, CA). Sections were covered with a HybriSlip (Research Products International, Mount Prospect, IL) and heated at 95°C for 10 min. Probe and target DNA were allowed to hybridize overnight at 37°C in a humidity chamber.
Sections were washed in 20% formamide in 2X SSC plus 0.05% Tween 20 for 10 min at 37°C, followed by an additional wash in 2X SSC plus 0.05% Tween 20. Sections were blocked and probes were detected using the Tyramide Signal Amplification Cyanine 3 System (NEN Life Sciences Products, Boston, MA). Sections were dehydrated in ethanol and mounted using Vectashield (Vector Laboratories). Slides were inspected for red/orange fluorescence using a fluorescent microscope at 590 nm wavelength.
Detection of loricrin transcripts by RNA in situ hybridization
RNA in situ hybridization was performed as previously described to compare detection of loricrin transcripts in paraffin-embedded tissue sections of HPV 59-infected foreskin xenograft tissue and uninfected xenograft tissue (Lehr et al., 2002) . An oligonucleotide probe for loricrin was designed containing four biotinylated dTTPs at the 3Ј end (Lehr et al., 2002) . Sections were covered with a HybriSlip and allowed to hybridize overnight at 37°C in a humidity chamber. After hybridization, sections were washed and blocked, and probes were detected using the Tyramide Signal Amplification Cyanine 3 System (NEN Life Science Products) as described by the manufacturer. Slides were inspected using a fluorescent microscope at 590 nm wavelength.
Detection of loricrin transcripts by RT-PCR
To compare loricrin transcripts from uninfected and HPV 59-infected genital epithelium, total RNA was extracted using the RNaqueous System (Ambion) according to the manufacturer's protocol. For these experiments, we used RNA extracted from freshly harvested, uninfected or HPV 59-infected foreskin xenografts grown in athymic mice. These implants were grown for 6 months. Liquid nitrogenfrozen xenografts were crushed in the presence of RNA Later (Ambion) as previously described (Lehr et al., 2002) . RNA samples were treated with DNA-free (Ambion) to eliminate contaminating DNA. RT-PCR was performed with 100 ng total RNA using the Titan One-tube RT-PCR System (Roche Molecular Diagnostics, Indianapolis, IN). Primers were used for loricrin spanning 165 bp at the 3Ј end of the mRNA coding sequence: (forward) 5Ј-ATTG-GCAGCGGCTGCATCAT; (reverse) 5Ј-CTATTTGGAC-GGCCAGGT.
To verify the integrity of the RNA samples, human ␤-actin primers were used for each total RNA sample: (forward) 5Ј-ATGTACGTTGCTATCCAGGC, (reverse) 5Ј-CGCTCATTGCCAATGGTGAT. Reverse transcription was performed at 55°C for 30 min. Thermal cycling parameters were as follows: 94°C for 1 min, 56°C for 1 min, 68°C for 1 min for a total of 30 cycles, followed by a 6 min incubation at 68°C. The PCR products were separated on a 1.5% agarose gel and visualized by ethidium bromide staining. The relative abundance of each RT-PCR product was determined by densitometry using the Alpha Imager software (Alpha Innotech Corporation, San Leandro, CA).
